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Synopsis
One of the most important factors of the water exchange under the stratified condition
in summer at the Tanabe bay are internal Kyucho which amplification of internal tides
and bottom intrusion and the meander of Kuroshio currents. And the meander of
Kuroshio has impacts of the stratification and water quality at the Kii channel. Thus in
this study we explored the relationship between Kuroshio migrations and the current
and water quality at the Tanabe bay using the observation result and numerical
simulation. As a result, the stratified structure at the Kii channel determines the
structure of the current field and substance cycle in the Tanabe bay. Stratification at the
Kii channel was determined by on or off migration of Kuroshio Current. The meander
of Kuroshio is a most important factor water exchange system and substance cycle in

the Tanabe bay.
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1. Introduction

The Tanabe Bay (Fig.1) is located in the central
part of Wakayama Prefecture, an entrance of the Kii
Channel, facing the North-West Pacific Ocean.
Shirahama Oceanographic Observatory, Disaster
Prevention Research Institute (DPRI), Kyoto
University is located in the inner part of the bay. A
number of harmful red tide blooming has been
observed in early summer to autumn since 1970s in
the inner part of the bay because of active
aquaculture in the semi-closed bay. The red-tide
prediction project in the bay has been launched in
1997 as a joint research program of Shirahama
Oceanographic Observatory and the Fisheries
Laboratory of Kinki University.

According to observational results by the Tanabe
Nakajima Storm Surge Observation Tower (DPRI’s
field research facility) located at the entrance of the
bay, water exchange under the stratified condition in
summer is done by amplification of internal tides and
bottom intrusion of cold and high salinity water

caused by coastal upwelling due to Ekman transport
(Yoshioka at el, 1998). From the last year’s
observation, it can be found that when the Kuroshio
moves toward the Kii Peninsula, the sea level rises
and warm water intrudes in to the bay in the surface
layer and block the cold water near the bottom (Niki,
2004).

According to Fujiwara at el (1997), at the Kii
Channel in the summer, the fluxes of nitrogen and
phosphorus from the outer ocean were equal to the
fluxes from the land area into Osaka bay. And
Takashi et al (2003) pointed out, the fluxes of
nitrogen and phosphorus from the outer ocean was
determined the meander of Kuroshio. It seems that
the influence of on or off-cost migration of Kuroshio
branch is important factor not only for the 3D
characteristics of currents at the bay mouth but also
the distribution of the water quality at whole bay. In
this study we explored the relationship between
Kuroshio migrations and the current and water
quality at the Tanabe bay using the observation result.
And POM-based computer simulation carried out for
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Fig.1 Measuring points on Tanabe Bay

better understanding of the circulation mechanism.

2. Observation of Coastal Water Environment in
Tanabe Bay

According to Takeuch et al (1997), when south
ward distance to the Kuroshio axis from
Shionomisaki is less than 20 n.-miles, warm
Kuroshio-surface water intrude into the upper layer
of the Kii Channel. In the summer of 1999 Kuroshio-
distance were less than 20 n-miles, on the other hand,
in the summer of 2000 Kuroshio-distance was lager
than 20 n-mails. On this basis, observation result in
1999 is used as typical data at the time of on shore
migration of Kuroshio Current and observation result
in 2000 is used as typical data at the time of off shore
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Fig.2 Time series of water temperature at TNSSOT

migration of Kuroshio Current.

2.1 Observational results at the Tower

Oceanographic and meteorological measurements,
(air temperature, air pressure, wind, solar radiation,
wave, tidal height and water temperature) were
conducted at the bay mouth with Tanabe-Nakashima
Strom Surge Observation Tower (TNSSOT) of DPRI.
Current profile was measured at the point of 30m in
depth near the TNSSOT using ADCP (Acoustic
Doppler Current Profiler of 1200kHz).

Figure 2 shows the temporal variation in water
temperature distribution observed by the thermistor
chain at TNSSOT from July to August in 1999 and
2000, in which sea water temperatures at 3, 5, 7
30m deep were measured. In 2000, remarkable event
of rapid temperature drop near the bottom are
observed. On the other hand, such a rapid
temperature drop did not appear in 1999. There is a
correlation between rapid temperature drop and
surface wind. Figure 3 shows the temporal changes
in the 10-min averaged wind vectors observed at the
point of 10m-height from MSL at TNSSOT. Wind
speed or direction was not greatly difference between
1999 and 2000. The cause of such difference of
distribution of water temperature is on/off-coast
migration of Kuroshio branch.

Figure 4 shows the observation result of the
vertical distribution of water current at the mouth of
Tanabe Bay. This is the result on August 5™ when the
flood tide. When the east component (black circle) is
positive, current is the inflow direction into Tanabe
bay. The vertical profiles show the different trend
both in 1999 and 2000. In 2000, the characteristic of
the internal wave, upper current inversed lower
current, was appeared in observation result. But in
1999, the characteristic of internal wave was weak.
As the current was same direction in all layers, the
peak intensity is a little bit small in 1999. The current
in the bottom layer in 1999 was smaller than in 2000.
Thus in 2000 cold water often intrude into the bay in
the bottom layer during the flood tide, while in 1999
the warm water were inflow into the bay in all layer
during the flood tide. The cause of such difference is
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Fig.3 Stick diagram of winds at TNSSOT
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Fig.4 Vertical distribution of current profile during flood

tide at TNSSOT

the difference of stratified structure at the Kii channel.

Figure 5 shows the vertical distribution of water
temperature and ot at the Kii channel in August
1999 and 2000 (Wakayama Research Center of
Agriculture , Forestry and Fisheries, 1999 2000). The
difference both in 1999 and 2000 is large at 130m
depths or less. The value of water temperature in
1999 is higher than in 2000. In 1999, the gradient of
the water temperature value is large less than 130m,
while in 2000, the gradient is large at 50m or less.
The value of ot in 1999 is lower than in 2000.
There is a thermo cline at the 50m depths in 2000,
while in 1999 thermo cline was not clear.

2.2 Observational results at the inner part of the
bay
The water quality (water temperature, salinity,
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Fig.5 Vertical distribution of water temperature and
ot profile in1999 and 2000

chlorophyll-a and dissolved oxygen) was measured
using CTD (Sea-Bird-Electronics SBE-25) near the
aqua culturing raft of Kinki University (St.3 in
Fig.1,). The observation period was Jury 21st to
August 17" in 1999 and July 25" to August 11th in
2000. Figure 6 shows the time series of the
observation result using CTD at the ST.3 in 1999 and
2000. In 1999 water temperature was hot in all layer
because on-coast migration of Kuroshio currents. It
rained from August 10" to 13", the value of salinity
in the surface layer is low around August 12". The
value of chlorophyll-a was very low during
observation period and the concentration of dissolved
oxygen was low near the bottom. In 2000,
remarkable events of rapid temperature drop and
salinity rise near the bottom were observed on days
of July 26 and August 3 and 8. In 2000, Kuroshio
axis was far from the Kii peninsula and cooler and
saliner water intruded into the lower layer of the Kii
channel from the subsurface on the shelf. This event
cause of inflow from the lower layer of the Kii
channel and is related to the dissolved oxygen and
chlorophyll-a. After this event, the value of dissolved
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Fig.6 (a) Time series of the observation result using
CTD at the ST.3in 1999
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Fig.6 (b) Time series of the observation result using
CTD at the ST.3in 2000

oxygen was decrease and the chlorophyll-a was
increase.

Figure 7 shows the time series of the current profile
in the bottom layer using electromagnetism current
meter at the ST.3 (Fig.1). It is the same period of the
CTD observation. The south direction currents
indicate inflow into inner part of the bay. In 2000
south current often occurred, while in 1999 there are
few south current exceed 5 cm/s. The difference of
the current structure at the Tower has influenced
inner part of the bay.

From the Fig.6 and Fig.7, when south current did
not appear in 1999, the dissolved oxygen showed low
value in the bottom layer. At the inner part of the bay,
when the flow is small, it seems that the value of
dissolved oxygen has a tendency to decree from
bottom layer. On the other hand, when south current
appeared in 2000, the value of dissolved oxygen was
decrease. When the Kuroshio Current is off coast
migration, for the water temperature is low, the value
of dissolved oxygen of the water intruded from the
lower layer of the Kii channel is low. The strong
current near the bottom in 1999 overcome the anoxic

water, while the strong current near the bottom in
2000 is the growth of oxygen depression.

The water quality of the lower layer of Kii channel
was not only cooler and salier but also contained a lot
of nutrient. The concentration of nutrient at the lower
layer of the Kii channel has high correlation with the
temperature. Figure8 shows the correlation between
the concentration of nitrate and temperature at the
ST.3. It is notice that there were few observation of
nutrient and the influence of land area caused of rain
was removable. In 2000, water temperature and
nutrient make negative correlation less than 25 . It
is same trend at the Kii channel. Clearly, the water
mass of lower layer at the Tanabe bay in 2000 was
transported the lower layer of the Kii channel by
strong current near the bottom. While in 1999 warm
Kuroshio surface water intruded into Tanabe bay in
all layer.

As mentioned above, in the Tanabe bay, the
stratified structure in the Kii channel will have
determined a vertical current profile and inflow water
quality. Furthermore the structure of current field and
substance cycle are also provided at the inner part of
the bay. It is noticed that these discussions are only
based on the data fragments, such as ADCP data at
the bay mouth and the CTD observation at the ST.3.
To understand the influence of the structure of
density stratification, we may need the aid of
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Fig.7 Time series of the current profile in the
bottom layer at the ST.3
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Fig.8 Correlation between the concentration of
nitrate and temperature at the ST.3

numerical model

3. Numerical Experiment

3.1 POM modification

Current field and scalar transportation are
simulated by the Princeton Ocean Model (POM),
which is open-domain software to simulate ocean
circulation. POM is fully three-dimensional model
with free surface in the sigma coordinates. Its basic
equations and a more extensive discussion of the
features of model can be seen in the reference of
Blumberg and Mellor (1987).

To overcome the numerical error in computing the
horizontal pressure gradient forcing in water
temperature and salinity computation, we use the
method by Stelling and van Kester (1994) before
study. Stelling and van Kester (SVK) method is the
revision method for the calculation of horizontal
pressure gradient in sigma coordinates models. Its
method is worth but computing cost is high because
of computation algorism is complicated. The basic
idea of SVK method is to change the rectangular grid
system from sigma coordinate grid system. Then the
positions of the density point are identical in the two
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systems. If the staggered grid arrangement is
introduced, the position of the density point different
from the position of the pressure gradient point,
which have to estimate to compute the pressure
gradient force. The positions of the pressure gradient
point are not identical in the two systems. Thus in the
SVK method it is necessary to transform the
computed pressure gradient force into original grid
system from new grid system. In order to omit this
process, the center of redefined grid system is
employed not the density point but the pressure
gradient point. It is simple improvement, but
computation cost is cut down.

Computation domain is the west side of Kii
peninsula including Kii channel (Figure.9).
Horizontal grid size is 1min and the number of
vertical layer is 31. The vertical distribution of water
temperature and ot shown in Fig.5 was given as
initial condition. The astronomical tide level
computed NAO model (Matsumoto, 2000) was given
on the boundary condition. Computation period is 8
days and first 3 day was not done the temperature and
salinity computation to spread the flow inner part of
the bay. In order to generate the coastal upwelling,
north wind (3m/s) was blow for 2 days (from 7" to
8™ after south wind (2m/s) for 3days (from 3" to 5™).

3.2 Results and discussions

Figure 10 shows the computation result of the
vertical distribution of east-west direction water
current at the mouth of Tanabe Bay. This is the result
after 7 days when the north wind blowing started.
The vertical profiles show the similar trend to the
observation result. In 2000, the characteristic of the
internal wave, upper current inversed lower current,
was appeared in computational result. But in 1999,
the characteristic of internal wave was weak. Figure
11 shows the computation result of the distribution of
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Fig.10 Vertical distribution of water current at the
mouth of Tanabe Bay
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Fig.11 Computation result of the distribution of water temperature along the east-west line in Kii channel

water temperature along the east-west line in Kii
channel. East side is Tanabe bay. It is a same period
Fig.10. In 2000, coastal upwelling along the sea bead
is reproduced. While in 1999, coastal upwelling is
blocked by warm surface water. The model roughly
predicts rapid temperature drop caused by the bottom
intrusion of cold water in 2000 and warm surface
water intrusion in 1999. This result offer support for
the conclusion obtained from the observation, that is,
the stratified structure in the Kii channel determine
the structure of the current field and substance cycle
in the Tanabe bay. Stratification at the Kii channel
was determined by on or off migration of Kuroshio
Current. The meander of Kuroshio is a most
important factor water exchange system and
substance cycle in the Tanabe bay.

4 Conclusions

1. In 2000, the characteristic of the internal wave,
upper current inversed lower current, was
appeared in observation result of vertical profile
at the Tower. But in 1999, the characteristic of
internal wave was weak. Thus peak intensity of

water current near the bottom at the tower in

1999 little bit small.

From CTD observation at the inner part of the

bay, in 1999 which is on coast migration of

Kuroshio currents water temperature was hot in

all layer and the value of salinity was high

except rainy day. The value of chlorophyll-a
was very low during observation period and the
concentration of dissolved oxygen was low near
the bottom. While in 2000 which is off coast
migration of Kuroshio currents, remarkable
events of rapid temperature drop and salinity
rise near the bottom were observed on days of

July 26 and August 3 and 8. After this event, the

value of dissolved oxygen was decrease and the

chlorophyll-a was increase.

3. According to current observation in the bottom
layer at the inner part of the bay, in 2000 south
current often occurred, while in 1999 there are
few south current exceed 5 cm/s. Considered
with CTD observation, the strong current near
the bottom in 1999 overcome the anoxic water,
while the strong current near the bottom in 2000



is the growth of oxygen depression

4. In 2000, water temperature and nutrient make
negative correlation less than 25 . It is same
trend at the Kii channel.

5. The model roughly predicts rapid temperature
drop caused by the bottom intrusion of cold
water in 2000 and warm surface water intrusion
in 1999. This result offer support for the
conclusion obtained from the observation, that
is, the stratified structure in the Kii channel
determine the structure of the current field and
substance cycle in the Tanabe bay. Stratification
at the Kii channel was determined by on or off
migration of Kuroshio Current. The meander of
Kuroshio is a most important factor water
exchange system and substance cycle in the
Tanabe bay.
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